Objective: To evaluate and compare efficacy of 20-, 40-, and 60-minute mental practice sessions on affected upper extremity impairment and functional limitation. Design: Randomized controlled study with multiple baseline design. Subjects: Twenty-nine subjects with chronic stroke and exhibiting stable, mild hemiparesis. Interventions: Subjects were given 30-minute rehabilitative sessions 3 days/week for 10 weeks, emphasizing affected upper extremity use during valued activities. Directly after these sessions, randomly selected subjects were given audiotaped mental practice for 20, 40, or 60 minutes. Subjects assigned to a control group received the same therapy as the mental practice groups, and an audiotaped sham intervention directly after therapy sessions. Main outcome measures: Fugl-Meyer (FM) motor assessment and Action Research Arm Test (ARAT). Results: No pre-existing differences were found between groups on any demographic variable or movement scale. On the FM, mental practice duration significantly predicted pretesting to post change (P ¼ 0.05), with increasing duration related to larger FM score increases (5.4 point score increase for the 60-minute duration group). On the ARAT, a non-significant trend was seen (P ¼ 0.78), favoring the 20minute dosing condition (4.5 point increase). Importantly, regardless of dosing condition, subjects administered mental practice exhibited markedly larger score changes on both the FM and ARAT than subjects not receiving mental practice. Conclusions: Sixty minutes of mental practice appears to most significantly reduce affected arm impairment. However, no clear change pattern was seen in affected arm functional limitation according to mental practice duration. Results suggest that a stroke rehabilitative regimen augmented by mental practice renders a greater functional impact than therapy only.
Introduction
Following stroke, repetitive task-specific practice incorporating the affected extremity causes expansion of cortical areas representing that extremity, and correlative functional changes (for a review, see ref. 1) . Consequently, several contemporary rehabilitative approaches emphasize repetitive task-specific practice incorporating the affected upper extremity. However, many of these techniques are constrained by the requirement for particular equipment to administer, 2,3 by high therapy durations, 4 and/ or by their invasive nature. 5 In addition, little information is available on the daily duration at which these interventions render the largest affected upper extremity motor changes. 6, 7 Mental practice overcomes the above limitations, in that it is a non-invasive, easily implemented technique in which physical skills are cognitively rehearsed. The addition of mental practice to repetitive task-specific practice has been shown to significantly increase affected upper extremity use, 8 kinematics, 9 and function in subacute 10, 11 and chronic stroke patients, [12] [13] [14] including in a recent, randomized controlled trial. 15 Recent data also show that cortical organizations are primarily responsible for affected upper extremity motor changes observed after mental practice use. 16 However, like other repetitive task-specific practice-based approaches, the optimal daily mental practice duration remains unknown and has varied in upper extremity studies (e.g. 60 minutes; 17 30 minutes [12] [13] [14] [15] ). Such information is fundamental to effective clinical implementation of this promising approach.
As a next step in this line of research, the purpose of the current study was to evaluate and compare the efficacy of 20-, 40-, and 60-minute mental practice durations on several affected upper extremity movement parameters. Specifically, subjects were given 30-minute, outpatient repetitive task-specific practice sessions emphasizing motor learning-based, functional use of their affected upper extremities. Directly following these sessions, they received 20-, 40-, or 60-minute mental practice interventions emphasizing mental rehearsal of movements that they had physically practiced. Our study hypotheses were: (a) subjects administered a higher mental practice duration of 60 minutes would exhibit significantly larger affected arm impairment reductions (as measured by the Fugl-Meyer; our primary study outcome measure) than subjects receiving mental practice durations of 20 or 40 minutes; and (b) subjects administered a higher mental practice duration of 60 minutes would exhibit significantly larger affected arm functional limitation reductions (as measured by the Action Research Arm Test) than subjects receiving mental practice durations of 20 or 40 minutes. We also hypothesized that subjects administered mental practice + repetitive task-specific practice at any duration would exhibit larger motor changes than a group of subjects administered repetitive taskspecific practice only without mental practice.
Subjects and methods
Volunteers were recruited using advertisements placed in local rehabilitative therapy clinics, stroke support groups, and in hospitals. A research team member screened volunteers using the following inclusion criteria, derived from previous mental practice research: (1) 10 degrees of active flexion in the affected wrist, as well as 2 digits in the more affected hand;
(2) stroke experienced >12 months prior to study enrollment; (3) a score >70 on the Modified Mini Mental Status Examination (MMSE); 18 (4) age >18 <75 years; (5) only have experienced one stroke; (6) discharged from all forms of physical rehabilitation. Exclusion criteria were: (1) excessive spasticity in the affected upper extremity, as defined as a score of >3 in the affected elbow, wrist, or fingers as determined by the Modified Ashworth Spasticity Scale; 19 (2) excessive pain in the affected upper extremity, as measured by a score >5 on a 10-point visual analog scale; (3) participating in any experimental rehabilitation or drug studies; (4) history of a parietal stroke (because some data suggest that ability to estimate manual motor performance through mental practice is disturbed after parietal lobe damage). 20 
Assessments
The upper extremity section of the Fugl-Meyer Scale (FM) 21 was our primary outcome measure. FM items are organized from having the subject attempt proximal movements (e.g. shoulder abduction, internal rotation) to distal movements (e.g. mass grasp; pincer grasp). Data arise from a 3-point ordinal scale (0 ¼ cannot perform; 2 ¼ can perform fully) applied to each item, and the items are summed to provide a maximum score of 66. The FM has been shown to have high test-retest reliability (total ¼ 0.98-0.99; subtests ¼ 0.87-1.00), interrater reliability, and construct validity. 22, 23 To measure affected arm limitation, we administered the Action Research Arm Test (ARAT), 24 a 19-item test divided into four categories (grasp, grip, pinch, and gross movement), with 16 of the 19 ARAT items measuring distal regions of the arm (e.g. pinching a ball bearing or marble between the thumb and each finger of the affected hand), with each item graded on a 4-point ordinal scale (0 ¼ can perform no part of the test; 1 ¼ performs test partially; 2 ¼ completes test but takes abnormally long time or has great difficulty; 3 ¼ performs test normally) for a total possible score of 57. For this test, subjects were seated in a comfortable chair with a straight back, while the ARAT items that they had to grasp were placed on an adjustable table in front of them. Table height was adjusted according to the needs of each subject. The ARAT has high intrarater (r ¼ 0.99) and retest (r ¼ 0.98) reliability and validity, 25, 26 all in stroke-induced hemiparesis.
The above measures were chosen because of their successful use in previous mental practice studies, [10] [11] [12] [13] [14] [15] [16] and their responsivity to motor changes in chronic stroke. 27 
Design, testing, and randomization
A single-blinded, multiple baseline, randomized controlled design was applied. After screening and signing consent forms approved by the local institutional review board, the FM and ARAT were administered by a single rater, on two occasions, occurring one week apart (pre-1; pre-2). Following pre-2, subjects were randomized to one of four groups using a computergenerated random numbers table overseen by a study coordinator. When a subject completed pretesting, the study coordinator was contacted. On the first scheduled day of treatment the randomization assignment was revealed. The four possible randomization assignments were: (a) 20 minutes mental practice (MP 20); (b) 40 minutes of mental practice (MP 40); (c) 60 minutes of mental practice (MP 60); or (d) a group receiving repetitive task-specific practice only (RTP only).
Interventions
Before the study began, therapists underwent extensive inservicing using uniform procedures implemented in pilot work, and detailed in a manual of procedures that had been developed for this study. The purpose of this training was to assure that repetitive task-specific practice (described below) was consistent across therapists. Training included group review of pertinent stroke, mental practice, and exercise training literature, hours of cross-validation and videotaping of therapists' responses to various clinical presentations and patient goals, and periodic inservices.
Repetitive task-specific training. Beginning one
week after the final testing session, each subject received individualized, half-hour, repetitive task-specific practice sessions, three times per week, for 10 weeks. All therapy was administered by the same therapists in the same fashion and environment.
Via repetitive task-specific practice pilot work, the team had identified a battery of familiar activities of daily living (ADLs) that many stroke patients want to relearn. Five of these ADLs were included in this study ( Table 1) . The ADLs were chosen because: (a) they were used in previous mental practice studies; (b) individual movements comprising these compound skills transfer positively to performance of other ADLs that stroke patients often desire to relearn; (c) the ADLs can be graded according to subjects' abilities to be easier or more challenging, and progressed to be increasingly difficult; and (d) the ADLs can be further progressed by having patients stand and perform them using an adjustable height bed table, perform them outside of their centers of gravity (i.e. move the items to the side of the patient), etc.
Each ADL listed in Table 1 was practiced for two weeks. Each two-week increment allowed time for the participant to identify the muscles that needed to be used, and undergo trial and error on each task. While use of modalities (e.g. electrical stimulation) was disallowed, therapists were given the option to use 5-10 minutes prior to each session to perform range of motion or other exercises to help with performance of the ADLs in Table 1 , as needed. Therapists maintained a treatment card for each patient, so that researchers could monitor compliance with the protocol. Therapists were blinded to group assignment in that they were unaware of whether a particular subject was going to receive one of the mental practice interventions (and at which duration), or the time-matched sham intervention.
The above repetitive task-specific practice therapy program, sometimes called 'standard task training of the affected limb,' was consistent with the suggestions and methods of previous mental practice work. Repetitive task-specific practice, as structured herein, also had the advantage of repeating tasks with continuous feedback from the therapist with little formal time necessary for review of immediate past performance, and is an accurate analog for actual therapy provided in most clinics, as it involves motor learning of functional activities performed continuously for a period of 15-30 minutes. 28 Mental practice. After their half-hour repetitive task-specific practice sessions, subjects randomly assigned to one of the three mental practice + repetitive task-specific practice groups listened to an audiotaped mental practice intervention in a private room adjacent to the therapy area. The tapes consisted of 5 opening minutes of relaxation, asking patients to imagine themselves in a warm, relaxing place (e.g. Proper use of an eating utensil Weeks 7, 8 5
Using a hairbrush or comb Weeks 9, 10 a beach), and asking them to contract and relax their muscles (i.e. progressive relaxation). This portion of the tapes was followed by suggestions for internal, cognitive polysensory (i.e. using both kinesthetic and visual cues) images 29 related to using the affected arm in one of five functional tasks shown in Table 1 , which had been practiced during the preceding repetitive task-specific practice sessions. The tape concluded with 5 minutes of refocusing into the room. While all aspects of repetitive task-specific practice were held constant, the duration of the mental practice tape varied according to group assignment. One group listened to a tape lasting 20 minutes, one group listened to a tape lasting 40 minutes, and one group listened to a tape lasting 60 minutes. Within each of these audiotapes, the opening and closing relaxation sequences were held constant. Only the portion during which subjects cognitively rehearsed the repetitive task-specific practice was varied on tapes, by group.
Sham/control. A fourth group also received half-hour repetitive task-specific practice sessions that were matched in content, duration, and location to other subjects. However, directly after their therapy sessions, subjects in the sham/ control condition listened to 20-minute 'sham' tapes. To maintain interest, these tapes alternated relaxation exercises, information on stroke prevention, information on stroke, and exercises for the affected leg. Previous work suggested that exposure to such audiotapes would not have a treatment effect; 15 rather, the goal of these tapes was to provide additional contact time in the room with an audiotape, to maintain consistency with subjects in the mental practice groups.
Post testing
After 10 weeks, all subjects returned to the laboratory (post), where they were again administered all instruments by an examiner blinded to group assignment. He was blinded in that he did not know to which group subjects were assigned, or if they even received an intervention.
Statistical methods
Pretreatment FM and ARAT scores were assessed twice and the mean of the two assessments was treated as the baseline score for each measure. Demographic variables and the baseline assessments of the outcome variables were compared across the four groups, treating the groups as nominal categories (3 df). Continuous measures were compared using one-way ANOVAs or non-parametric Kruskal-Wallis tests as needed, while categorical or dichotomous variables were compared using exact tests.
The first hypothesis, that post minus preintervention difference scores would increase with increasing mental practice durations, was tested in regressions predicting the difference score from the dose (0, 20, 40, 60) in single df tests. The second hypothesis, that the three groups receiving mental practice combined would show more baseline-to-follow-up improvement on the FM and ARAT than the repetitive task-specific practice only group, was tested using a Wilcoxon test, applied to the post minus pre differences in scores. All reported P-values are two-tailed and the study employed a two-tailed alpha of 0.05.
We wish to highlight that a statistical design in which a repeated-measures ANOVA would be applied was also considered. In such a design, both baseline and posttreatment scores would be dependent variables, time would be the independent variable, and the treatment by time interaction would constitute the main assessment of the intervention. However, such a model would offer less power than above-described analyses.
Results
Using the above inclusion/exclusion criteria, a total of 62 volunteers were screened, with 30 subjects excluded for the following reasons: (1) insufficient active movement in the affected upper extremity to qualify for the study (n ¼ 20); (2) excessive spasticity (n ¼ 7); (3) other medical comorbidities (n ¼ 1); (4) too much motor function in the affected upper extremity (n ¼ 2). Thus, 32 patients were found eligible and agreed to participate. However, of the 32 subjects randomized at baseline (8 per group), two from the MP 40 group and one from the MP 60 group were lost to follow-up and removed from analyses. These 3 subjects withdrew their participation during the course of the study, due to availability and/or distance needed to travel to participate in the study. Thus, the current report discusses the outcomes of 29 patients (23 males; mean age of subjects in sample ¼ 60.8 + 12.3 years, age range of subjects in sample ¼ 21-76 years; mean time since stroke onset for subjects in sample ¼ 36.0 months; 23 subjects with ischemic stroke; 15 subjects with hemiparesis affecting their right arms). A flowchart depicting how subjects passed through the study is provided in Figure 1 .
Outcomes
Baseline means and standard deviations for age, FM, and ARAT, for each of the four groups, are presented in Table 2 . The groups did not differ significantly on these variables. The groups also did not differ significantly on ethnicity, side of infarction, affected side, stroke type, or dominant hand. There was a significant difference for gender, with all six subjects in the MP 40 group being female, and 6 of 7 in the MP 60 group being male.
On the primary outcome measure (the FM), mental practice duration (0, 20, 40, and 60 minutes) predicted pretesting to post motor change (1 df) using an ordinary least squares regression. This trend was statistically significant (P ¼ 0.05), with increasing duration related to greater FM increases, and each increase in duration corresponding to a progressively increased FM score at post (+1.6 points for the control group; up to +5.4 points for the 60-minute duration group) ( Table 3) .
Assessed for eligibility n = 62
Assessed for eligibility n=62
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Posttest Figure 1 . Flow diagram of subjects in the current trial.
On the ARAT, a dose-response effect was not observed. Specifically, the 0-minute, 40minute, and 60-minute groups all exhibited approximately +1.5 point increases, while the 20-minute group exhibited a +4.5 change. ARAT differences between dosing conditions were not significant (P ¼ 0.78).
Regardless of dosing condition, subjects administered mental practice exhibited larger score changes on both the FM and ARAT than subjects who did not receive mental practice. On the FM, subjects receiving mental practice exhibited a mean score change of +4.2 (4.4); subjects not receiving mental practice only exhibited a mean score change of +1.6 (1.9). This trend approached significance on the Wilcoxon test (P ¼ 0.11). Similarly, on the ARAT, subjects receiving mental practice exhibited a mean score change of +2.7 (3.9); subjects not receiving mental practice only exhibited a mean score change of +0.2 (2.1). This trend also approached significance on the Wilcoxon test (P ¼ 0.07).
Discussion
The purpose of this study was to evaluate and compare the impact of various mental practice durations, when administered as an adjunct to repetitive task-specific practice for the affected upper extremity. Secondarily, we also wished to confirm that mental practice, provided at any duration, was a statistically significant superior adjunct to repetitive task-specific practice than a time-matched sham intervention. It was hypothesized that provision of greater amounts Results shown as mean (SD). Note: There were no significant differences (P < 0.05) using a one-way ANOVA by groups. FM and ARAT mean scores of means of two testings per subject, with SDs taken on those mean scores across subjects. MP, mental practice; RTP, repetitive task-specific practice; ARAT, Action Research Arm Test; FM, Fugl-Meyer. of mental practice (i.e. a higher daily mental practice duration) should provide a greater number of neural activations that simulate real practice, and render larger clinical effects, than mental practice administered at lower durations. Consistently, subjects administered mental practice at the highest duration (i.e. 60 minutes) exhibited the greatest FM gains of the three mental practice dosing groups. Moreover, as mental practice duration progressively increased, the magnitude of the treatment effect on impairment reduction was larger. Thus, the first portion of our primary study hypothesis was confirmed. However, on the ARAT, the 20-minute mental practice duration group exhibited the largest changes, while smaller, consistent changes were observed among the 0-, 40-, and 60-minute groups. Thus, the second portion of our study hypothesis, which pertained to to affected extremity functional limitation, was not confirmed.
We suspect that the above differences in FM and ARAT data trends can be traced to two factors: (1) The activities in which subjects participated (Table 1) placed comparatively more emphasis on gross movements (e.g. shoulder flexion; elbow extension; wrist extension; mass finger flexion and extension) that are detected by the FM. This is one of the reasons why we chose the FM as the primary outcome measure in this study, and would explain why subjects registered more noticeable FM changes in the current study. Future researchers may wish to enroll a less impaired sample, thus enabling researchers to examine the sensitivity of the ARAT, and allowing examination of whether less impaired subjects exhibit greater responses to the mental practice intervention herein described. (2) There are likely different cognitive and physical demands associated with relearning more gross, isolated, impairment-based movements (measured by the FM) versus relearning finer, activity-based movements (measured by the ARAT). The optimal mental practice duration may differ, according to whether movements being targeted encompass the domains of impairment (i.e. the FM), functional limitation (i.e. the ARAT), or the ultimate goal of fully performing activities in a normalized environment. Indeed, this phenomenon has been shown to be valid in the speech literature (for a discussion, see ref. 30) , where high duration therapies have been shown to have differential effects on impairment and activity limitation than low-duration therapies. Future authors are encouraged to further examine this phenomenon by incorporating a variety of outcome assessments targeting different functional domains in future dosing studies.
While the primary study hypothesis was only partially confirmed, the final hypothesis received some confirmation. That is, regardless of dosing condition, subjects administered both mental practice and repetitive task-specific practice exhibited markedly better FM and ARAT scores than subjects who received the same repetitive task-specific practice only. These trends approached statistical significance, and further suggest that the addition of mental practice increases affected arm outcomes in stroke. Subjects exhibited stable motor deficits before intervention, as evidenced by FM and ARAT scores that remained unchanged between pre-1 and pre-2, and by comparison of subjects' FM scores at pretesting to those reported at therapy discharge. The stability of subjects' motor deficits, and the rapid period during which mental practice subjects then exhibited motor changes, suggest that motor changes associated with mental practice were unlikely to be attributable to chance. Given that this study was pilot in nature, and that trends seen the final hypothesis have been corroborated in other studies, a larger mental practice efficacy trial seems justified to further confirm findings herein described.
Clinicians are likely to gain several clinically relevant insights from results of the current study. First, results suggest that a repetitive task-specific practice regimen augmented by mental practice is more efficacious than provision of repetitive task-specific practice alone; a finding that has been corroborated in other studies. [8] [9] [10] [11] [12] [13] [14] [15] Thus, clinicians may wish to consider developing recorded audio sequences of movements that their patients commonly perform. These sequences could then be taken home or administered in patients' rooms between therapy sessions, so that patients can mentally rehearse what they physically practiced on a particular day. With this being said, the duration with which the mental practice is administered appears to be important in terms of gross, isolated movements, but to not impact fine, distally based movements. Thus, therapists should be selective in the duration with which mental practice is administered, possibly based on the nature of the skills to be performed.
Recent data also suggest that mental practice can be used as a possible 'gateway' to other therapies, 31 or could be used as an adjunct to other upper extremity therapies to make them more efficacious. 32 Thus, therapists will likely be able to use mental practice to either prepare patients for oher therapies, or to enhance the efficacy of already proven regimens.
While results of this exploratory study appear promising, some study limitations should be noted. First, although groups were well matched in terms of motor ability and demographics, the total size of each group was relatively small, which diminished power. It is hoped that larger studies examining mental practice efficacy will continue to refine mental practice dosing features. This could be accomplished by including additional, high-duration study arms in such efficacy studies, as was recently done in a study of constraint-induced movement therapy. 33 This work would be valuable, as it would provide insights into the differential responses to mental practice at the impairment, functional limitation, and other levels. Second, while mental practice dosing and efficacy were again verified, the sample herein described could be described as 'minimally impaired'. Questions, thus, remain whether subjects exhibiting more impairment could benefit from mental practice, and how the cognitive and physical demands associated with mental practice may differ in various impairment strata. For example, it is plausible that, for patients with more impaired upper extremities, imagining functional use of their upper extremities may be less salient. Future researchers may wish to examine this issue by adding a more impaired group of subjects as a tertiary aim.
Other minor study limitations included the following: (1) There was an unequal distribution among groups for gender. However, there is no literature suggesting that gender affects stroke recovery, so these differences should not diminish the findings. (2) Some may argue that the exclusion rate for the study was high. However, such trends are commonly observed in clinical trials, given the focal inclusion criteria that are needed to answer the study question. The current study was no exception. In practice, we expect that mental practice could be used as an adjunctive strategy to many affected upper extremity interventions, provided that subjects are able to meaningfully participate from a physical and cognitive standpoint. (3) Patients and therapists in this study fully complied with all facets of the intervention, including the rehabilitative intervention as well as the mental practice treatments (even the higher duration ones) with no problems reported. However, it should be acknowledged that volunteers for research studies are typically motivated to be compliant and participate in all facets of the study. Some stroke survivors encountered in clinical environments may not fully comply to such interventions, due to a variety of psychosocial, physical, or other factors.
Clinical messages
. When combined with repetitive taskspecific practice, mental practice administered for 60 minutes renders the largest reductions in affected upper extremity impairment. . Repetitive task-specific practice is more efficacious when augmented by mental practice, regardless of the duration of the mental practice.
